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Abstract

Results are presented of isothermal holding
experiments on Fe-50% Cu alloy with silica inclusions
present. In addition to rapid dendrite coarsening, the
inclusions are "pushed" by the growing dendrites; they
collide, join and coalesce, and they coarsen by diffusion
(0Ostwald ripening). It is probable that similar effects
occur during solidification of usual castings and ingots.

A levitation melting, undercooling, and splat
cooling device has been modified to permit greater flexibility
of operation and to incorporate ability to make chill plate
castings (for study of mechanical properties as well as for
structure). Dendrite arm spacing of commercial steel alloy
castings made in this apparatus varies from about 50 microns
for gas cooled specimens to less than 1 micron for splat
cooled specimens. In work on Fe-Si-0 alloy, no optically
visible inclusions have been found in splat cooled samples.
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Chapter 1: INTRODUCTION

Background Research

Research on undercooled iron base alloys has been
in progress in this laboratory since 1963. Results have been
published in four technical reports and three papers1'6,
Major aims of the program have been to (1) study effects of
undercooling on structure, segregation, and properties of
ferrous alloys, and (2) demonstrate that techniques for

achieving large degrees of undercooling could be scaled up to

relatively large amounts of material and to shaped castings.

A wide variety of ferrous alloys have been undercooled
in the course of the research by up to 540°F (300°C) below
their melting point. Castings weighing as much as 4 pounds
have been undercooled in these large amounts without difficulty.
Alloys undercooled have included AISI 4340, AISI 52100, 440C,
and Fe-25% nickel. Structure and segregation are significantly
affected by the undercooling. The structural refinement
resulting from undercooling results in appreciable improvement
of ductility of AISI 4330 steel (from 8% to 25% at 200,000 psj

yield strength).

A most important fundamental finding was that structure
coarsening ("ripening") determines final dendrite arm spacing in
melts nucleated at small undercoolings and grain size in melts

nucleated at large undercoolings. This finding led to studies



in which it was shown the same factors govern final dendrite

arm spacing in usual castings and ingots.

Recent and Current Research

Recent and current research has been concentrated on
extending the foregoing to multi-phase alloys, including alloys

with inclusion forming elements present.

One portion of the program has been entirely on bulk
samples (order of 100 gms). In this portion, extensive work
has been completed on structure of undercooled binary eutectics.
Current work, reported in detail herein, is primarily on
"coalescence", "coarsening" and "pushing” of inclusions during
solidification. Work, for experimental convenience is on Fe-Cu
alloys with 8102 present. Experimental evidence is clear that
the three foregoing phenomena ("coalescence", "coarsening", and
"pushing" of inclusions) take place during isothermal holding
in the liquid-solid zone. The evidence suggests that they
also take place during solidification of undercooled and non-
undercooled samples. This work is the first that indicates,
and measures quantitatively, the importance of the foregoing
three phenomena in solidification. A related portion of the

program has been on casting undercooled shaped specimens.

A second portion of the program has been on levitation
melted, bulk undercooled and/or rapidly solidified specimens.

Specimens are "splatted" to achieve cooling rates on the order




of 106°C/sec or cast in thin section plate molds to achieve
cooling rates the order of ]04°C/sec, Much of the past year's
work has been on apparatus improvement and that work is
reported in detail herein. Experiments are currently underway
on structural changes obtained at these large cooling rates.
Results have shown, for example, that eutectic phases can be
completely suppressed and it appears that in many cases inclu-

sion formation can also be suppressed.

An important part of current and planned work in this
second phase of the work is measurement of mechanical
properties of alloys produced. It appears, for example, that
at sufficiently high cooling rate, AISI 4330 alloy can be
obtained that is essentially free of microsegregation and
inclusions. Mechanical properties of such material are

expected to be of considerable technological interest.
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Chapter 2: MORPHOLOGY, GROWTH, AND MOTION
OF INCLUSIONS IN DENDRITIC GRCWTH

General

Extensive experimentel and theoretical work has been
done on mechanisms of formation of inclusions ir steel; useful
reviews include those referenced]-S. lWork reported herein
deals primarily with silica (8102) inclusions; pertinent works
dealing particularly with this tyne inclusion are these of
Benedicts and LofzuistS, Hilty and Crafts6, Forward and

E]]iott7, and Lindborg and Torse11.8

Among the earlier studies of particular relevance are
those of Benedicts and Lofquist5 who distinguished between
"exogenous inclusions" (those trapped mechanically in the melt)
and "endogenous inclusions" (those precipitated from the melt).
We will use these terms and distinguish further between two
types of endogenous inclusions; (1) "primary inclusions" or
"primary deoxidation products" (those that form from the melt
prior to solidification of the iron dendrites), (2) "secondary
inclusions" or "secondary deoxidation products" (those that

form during solidification of the iron dendrites).

Much early cataloguing of inclusions was done by lerty
and co-workers, with their many papers on the subject compiled
in a memorial volume in ]9579. Herty recognized at an early
date that inclusion chemistry and morphology were intimately

related to solidification mechanism and constructed from

experiment many relevant binary oxide phase diagrams.



Hiity and Crafts extended this type of analysis to
the ternary system Fe-0-S and classified resulting inclusions
as Type 1, II, and IIl, depending on the 1nitial S/0 ratio
and hence on the compositional path followed by the liquid

(solute redistribution) during colidification'0s11

Other
workers have performed similar basic studies relating inclusion
morphology to the multicomponent phase diagram in the Fe-0-S
'system]2 and in other systems 1ncluding Fe-Mn-S]3, Fe—Mn-O-S]4,
and the simple ternary system of most relevance to this

work, Fe—S1—07

In addition to the more fundamentally oriented studies
on inclusions noted above there has been a very large number of
applied studies relating inclusion morphology to metal gas
content and/or details of deoxidation practice. Some of these
have been outgrowths of the fundamental studies above and
others have been purely empirical in nature. Several of the

more general papers on the subject are referenced]6'18.

The engineering interest in inciusions stems from the
major effect these are known to have on fracture behavior of
cast and wrought steel. It is ciear that not only the amount
of inclusions is important, but also their morphoiogy, the
deformation behavior of the inclusions, and the strength of the

interface between the inclusions and the matrix]9'21n

Major improvements have been made in the properties of

cast and wrought steel through control of amount and type of




inclusions. The improvements have come about largely as a
result of empirical studies such as those cited above, often
with application of such understanding of solidification
mechanisms as was available at the time (e.g., work of Sims

and Briggs]6)n

It seems clear that additional major improve-
ments in inclusion control are feasible through application of
modern solidification ideas to inclusion studies, and it is to
this end that the current study is devoted (with emphasis on
one particular and important type of inclusion, 5102. The
remainder of this Introduction is concerned with some aspects

of previous inclusion studies that are particularly relevant to

the current work.

Formation of Primary Endogenous Inclusions

During cooling of steel from above its melting point,
saturation of inclusion forming elements may be reached before
solidification of the iron. For example, if equilibrium is
reached according to the reaction

Si + 20 Z sio,
at, say 1600°C, then on subsequent cooling to the solidification
temperature, the melt must be either supersaturated with respect
to S1’02 or must precipitate S1'O2 on the crucible wall or in
the bulk as inclusions. Researchers have proposed that large
supersaturations are required to precipitate the inclusions, but

the evidence is very strong that these "primary endogenous



inclusions" generally require very little supersaturation

for their formation.

As one example, iron melts equilibrated with Si0. at

2
about 50°C above their melting point always contain large Si0

2
inclusions which seem certain (as discussed above) to have

come from the melt during cooling, but before formation of the
iron. Simple calculations show that in order for the inclusion
to have formed in the melt, the supersaturation required must
have been small - certainly far less than that required for

n2?2

"hombgeneous nucleation Related experiments on other

systems, including those of Turpin and E]?iott23, Br'ower]2

and
Yarwood]3, show directly for the Fe-Cu-Si-0 and Fe-0-S systems
that no significant undercooling occurs before nucleation of

the primary inclusions.

Thus, it seems that primary endogenous inclusions form
by heterogenous nucleation* from the liquid at very little
supersaturation or by growth of random enbryos which become
critical nuclei as the melt cools. Following this formation,

25 has

growth and coalescence is rapid. As example, Torssell
studied the growth and separation of silica particles in liquid
iron. Samples were taken from a 0.6 kg iron bath at various
times after the addition of silicon. By a particle-counting

technique developed by Bergh and Lindber926 the size distribution

* or, in some cases, perhaps by spinodal decomposition24.




of the inclusions was determined. The number of particles

at the first sampling, 10 sec. after silicon addition, was of
the order of 3 x 107 to 108 per cu cm, the largest particles
having a radius of 2 to 4 microns. The volume fraction was
0.001 to 0.004; i.e., the dispersion was very dilute. During
subsequent holding the Tlargest particles increased their radius
by a factor of 10 after about a minute, and the whole size

distribution was displaced toward larger values.

Particle coarsening or coalescence such as that
described above has been recognized by many workers, and

mechanisms proposed for the coarsening have included:

1. diffusion coarsening (Ostwald ripening)g,
2. coalescence following collisions which result
from:
a. differential settling rate of inclusions of
different size or density ("Stokes collision")
b. Tlocal velocity gradients in the liquid bath
("gradient co1]isions")8

. . . .. 2
c. Brownian motion ("Brownian collisions") /

d. electrostatic attraction9

Following the recent work of Lindborg and Torse118 it seems
most likely that "Stokes collisions" account for the major
part of particle coarsening in primary inclusions, although
at long holding times it is evident that diffusion coarsening

must become important.
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An aspect of inclusion coarsening not heretofore
considered is how two inclusions "coalesce" (sinter) into a
single inclusion once they have collided. For the liquid or
glassy S1'02 inclusions of interest herein we propose a viscous

28’29. One or another of the various

flow model after Frenkel
diffusional models for sintering may well be more appropriate

in other types of inclusions.

Formation of Secondary Endogenous Inclusions

By no means do all inclusions form prior to
solidification of the iron phase and, if the melt is
sufficiently pure, no primary inclusions form. During
solidification, however, interdendritic 1iquid becomes enriched
in alloy elements and impurities. At some point during solidi-
fication inclusions ("secondary endogenous inclusions") then
form*, even in very pure, vacuum melted material. These
secondary inclusions are generally thought to be distinquishable

from primary inclusions by the following characteristics®230>37,

1. They are usually much smaller than inclusions taken
to be primary (e.g., one often finds in a given ingot two
different populations of inclusions, one greater than about 10
microns, and one less than about three microns; the smaller

population is assumed to be secondary)9’30,

* A sound quantitative treatment of how microsegregation
of alloy elements leads to inclusion formation in steel has
been given by Turkdogan33.
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2. The size of the smaller population above (secondary)
is a strong function of solidification rate, whereas the size of

the larger (primary) is not31,

3. The smaller inclusions are often primarily at

dendrite arm boundaries whereas the Targer are not.

4. Certain of the smaller inclusions have shapes
characteristic of solidification of remnant interdendritic

liquid (e.g., Type II sulphides).

There has been some recent discussion in the Tliterature
on the question of whether secondary inclusions nucleate with
1ittle supersaturation or whether, in fact, sufficient super-
saturation is required to achieve "homogeneous nucleation”.

The point has been made that even though primary inclusions may
nucleate with little undercooling on existing impurity
particles, after dendritic solidification begins the melt is
subdivided into many individual interdendritic "droplets" and
it is unlikely that each 1ittle isolated pool, would possess

7’2]. On the other hand, it

its own effective nucleation site
is clear that individual pools are not diffusionally isolated
from their immediate neighbors until quite near the end of
solidification. Further, if there are anything like the 107
to 108 nucleating sites per cm2 as suggested by Torssell and
LindborgS, there are ample nuclei to provide a nucleus per
dendrite at usual solidification rates. Experiments have not
as yet resolved the question of extent of supersaturation

required for formation of secondary incluions.
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As noted above, it has been clear for some time that
the size of secondary inclusions is a function of cooling rate;
limited quantitative studies have been made, of this effect,
but no work has been done (prior to that reported herein) to
interpret the cause of the coarsening occuring at slow cooling

rates.

Also as noted above, secondary inclusions often occur
at or near dendrite arm boundaries, rather than randomly through-
out the matrix. This may (and in many cases certainly is), a
result simply of the fact that they formed late in solidification.
It is possible however, that inclusions which form at an early or
intermediate stages of solidification are "pushed" by the advanc-
ing front of a thickening dendrite arm so that they end up at
interdendritic spaces even though they first formed at some
other location. Experiments illustrating such "pushing" have
been performed using transparent organic melts by Uhlmann,

Chalmers and Jackson, and a mechanism proposed32,

The experiments showed that for a given matrix material,
particle size, and particle type, there was a given critical
interface velocity, Vo below which the particles were pushed
ahead of the interface and not trapped by it. For particles
below about 15 microns diameter, the critical velocity was
independent of particle size. Essential experimental results
of this study are given in Table 1. These results are of
particular relevance to studies of inclusions since, as will be

shown Tater, (1) pushing of particles by metallic melts should
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take place at and below critical velocities of the same order
as observed for the organic melt, and (2) interface velocities
in dendritic growth of iron melts are substantially below the

critical velocities in Table 1 required for pushing.

Experimental Procedure

In order to perform the types of coarsening experiments
reported herein, it was necessary to employ an alloy of a wide
freezing range (so small temperature differences would not
result in large differences in fraction solid). The base alloy
chosen was Fe-50% Cu alloy, which freezes over a range of 336°C,
Figure 1. The curve of fraction solid versus temperature for
this alloy*, Figure 2, shows that about 50% of the solid forms
during the first 50°C of solidification, with the remaining 50%

freezing over a range of about 290°C.

The base alloy of iron-50% copper was made of
"Ferrovac E" iron (99.98% purity) and pure copper (99.999%
purity). A small quantity of silicon (.05%) was added as one
of the inclusion forming elements; this was 99.9% pure, with
the major impurity being iron. Charge materials were weighed

and the iron and copper cleaned by grinding.

* Calculated from the "non-equilibrium lever rule"
which assumes complete Tiquid diffusion equilibrium over
distances the order of interdendritic_spaces, except for
the assumption of no solid diffusion37.
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Melting was in a Balzer vacuum melting and pouring
unit, in a silica crucible with graphite susceptor; charge
weight was 450 grams. Crucible was cleaned with acetone and
charged with Fe, Cu, and Si. The furnace was then evacuated
to 50 microns, backfilled with He to 1/2 atm. and melting

began.

The charge was melted and superheated to 1550°C
within 15 minutes, held isothermally at 1550°C for 20
minutes to allow equilibration of the melt with the 5102
crucible. Power was then turned off and the melt allowed to
cool in-situ. At approximately 1530°C an iron wire was
plunged into the melt to prevent any possible undercooling
before solidification at the 1iquidus (approximately 1430°C).
Temperatures were measured with a Pt-Pt 10% Rh thermocouple

in a silica protection tube immersed in the melt.

To be certain of ingot homogeneity, and equilibration
with the 51'02 crucible, the ingot was then cut into pieces
approximately 3/4" x 3/4" x 1-1/2" and the above melting
equilibration and cooling procedure repeated. Portions of the
ingot that were at the bottom of the first crucible were

charged at the top in the second melting.

Coarsening experiments described below were carried
out on sections of the master weighing approximately 50 grams.
Each individual series of experiments (i.e., isothermal

holding at 1275°C) was carried out using material from roughly
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the same height in the same master. After cutting a section
from the master, a hole was drilled in it for insertion of
the thermocouple (in a silica protection tube). The sample
was then placed in a silica crucible (1" dia. x 3" high),
thermocouple inserted and melting procedure followed as for
the master (furnace evacuated to 50 microns, backfilled to

1/2 atm. of He before melting).

The specimens were not, however, completely melted.
They were simply heated to the isothermal holding temperature
and held there for times of 1/2 hr., 2 hrs., and 4 hrs. Two
holding temperatures were used: (1) 1400°C, at which tempera-
ture the alloy is approximately 42% solid (Figure 2), and
(2) 1275°C, at which temperature the alloy is approximately
50% solid. After isothermal holding, furnace power was cut
off the specimen cooled at approximately 1°C/sec through the

solidification range.

After removal from the furnace, specimens were
examined metallographically; typical microstructures are shown
in Figures 3-8. No etching was necessary. The following

measurements and observations were made and discussed below.

a. Secondary dendrite arm spacing.

b. Volume fraction of inclusions.

c. Number of inclusions per unit area.

d. Number of inclusion "members" per unit area.

e. Number of inclusion "members" per inclusion.
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f. Apparent inclusion size,

g. Apparent inclusion "member" size,

h. Inclusion location, i.e., whether the inclusions
were in the primary (iron-rich) dendrites or in the second

phase (copper-rich).

The difference between "inclusions" and "inclusion
members" is described as follows. Briefly, many
inclusions were observed to be made up of contiguous but
distinct regions - as if small spherical incluions had collided
and were in the process of sintering together. Each distinct
approximately sphere-like region within an inclusion is termed

herein an "inclusion member".

Secondary dendrite arm spacings were measured using
procedures previously described35. For each result reported,
measurements were made of dendrite spacings in at least 10
different grains on photomicrographs at 55X. Measurements
were made and reported for both horizontal and vertical

sections.

Measurements of volume per cent inclusions was done
by quantitative metallography. A two-dimensional systematic
point count was used following procedure of Cahn and

Hilliard3®.

A systematic array of points was used, provided
by the corners of a two-dimensional lattice. A 7 x 10 grid
having 70 points was placed on photomicrographs of the

structure to be analyzed; the photomicrographs were at 305X.
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A coarse-mesh lattice criteria was satisfied, whose condition

is the following:

where Ph is the probability that a feature will occpy n lattice
points. The relationship between standard deviation and the
number of points falling on the features, as calculated by Cahn

and Hilliard is given by:

o
2 = nf |2 1
= ——— = —— l
Onp Np or ( = ) - (1)
f p
where ¢ = standard deviation
Np = number of points falling in the feature
Nf = Np/N
also Np = Nvf, Ve being volume fraction of the
feature
N = total points applied

For each result reported, 124 different (non-
overlapping) photomicrographs were made of each specimen.
Thus at 305X ,1'cm2 was observed for each specimen. Photo-
micrographs were taken near the vertical center-line of the
sample from top to bottom. The above grid was placed once on
each photomicrograph and the fraction of grid points falling
on each inclusion noted - this fraction giving directly the

volume fraction inclusions. A total of 8680 points were so
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counted. Resulting standard deviation for volume fractions
reported are less than .05% as calculated by Cahn and Hilliard's
expression (equation 1) for a two-dimensional coarse-mesh

systematic point count method.

To report the number of inclusions per unit area, the
total number of incluions on all 124 different photomicrographs
were counted (and divided by the total area covered). The
number of inclusion "members" per unit area and number of
inclusion "members" per inclusion were similarly counted

directly on all 124 different photomicrographs.

“Apparent inclusion size" and "apparent inclusion
member size" were also measured directly from all 124 films.
The Targest dimension of each inclusion was individually
measured and recorded as "apparent inclusion size". The
approximate diameter of each member of every inclusion was

measured and recorded as "apparent inclusion member size".

Finally, the location of each inclusion was noted
and recorded (i.e., whether it was in the primary dendrite or

secondary surrounding phase).

Results

Results of the structure examinations on the master
and isothermally coarsened alloys are summarized in Figures
3-13 and discussed individually below. Figures 3-8 show

typical photomicrographs of the various samples, some general
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observations being the following:

1. Significant dendrite coarsening occurs during
isothermal holding, and coarsening is significantly more rapid
at 1400°C than at 1275°C. No significant difference is noticed
between spacings in horizontal and vertical sections. (Table 2

summarizes measurements of dendrite arm spacings.)

2. Inclusions are clearly evident in most photomicro-
graphs; the vast majority of these are not in the iron dendrites
but rather in the copper-rich second phase. This is true in
spite of the great amount of dendrite coarsening taking place.
The conclusion seems inescapable that, for some reason, inclu-
sions are not incorporated in the surviving and growing

dendrite arms.

3. Many of the inclusions which 1ie adjacent to the
iron dendrites rest in concavities of the dendrites - as if in
the coarsening process growth was slower beneath the inclusions

than in adjacent regions.

4, There appear to be areas where the density of
inclusions is much higher than elsewhere (where groups of a
half dozen or more inclusions are near each other but not

touching).

5. There are clearly regions where groups of sphere-
like inclusions are touching one another to form a larger
inclusion (in our terminology these are now inclusion "members"

comprising a larger "inclusion").
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6. Some large non-spherical inclusions seem to have
"members" which are not just touching but are in various stages

of sintering together.

7. On the vertical sections many more inclusions are
seen to lie just below the iron-rich dendrites than just above.
The inclusions give the impression of having "floated up" until

they were stopped by the iron dendrites.

8. With increasing holding time, inclusions become
much fewer in number and those present become larger in average
size. At the longer holding times, the process of sintering
(or "coalescence") of groups of inclusion members is much more

complete.

Systematic point counting analysis fof volume fraction
inclusions was done on all specimens and has been completed for
the master and the two samples isothermally coarsened at 1400°C,
In all these cases, the results yield 0.26 volume percent
inclusion (variance.0025%)1nd1cating no gain or loss of silicon
during coarsening. Taking density of the silica inclusion as
2.2 gm/cm3, the density of the iron dendrites as 7.9 gm/cm3 and
that of the copper-rich matrix as 9.0 gm/cm3, this volume per-
cent is equivalent to approximately .067 wt. %. Results of
chemical analyses also indicated weight percent 5102 and Si in
solution were constant during the coarsening experiments (Table
3). However, the weight percent S1‘02 given by chemical analysis

(approximately .03%) is significantly different than that given
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by point counting, and causes of this discrepancy are now

being studied.

Figure 9 shows the size distribution of single-membered
inclusions in the second phase before and after isothermal
coarsening at 1400°C. The bar graphs show clearly that
coarsening is taking place; the mean apparent diameter increases
from 2.83 microns in the master to 3.45 microns in the specimen
coarsened 2 hours. The total number of inclusions decreases
significantly during coarsening: 1100 in the master; 708 in the
sample coarsened 1/2 hour, and 431 in the same coarsened 2
hours. In this figure, only single membered inclusions are
considered, in an attempt to separate any possible diffusional
coarsening ("Ostwald ripening") effects from other types of

coarsening; this is discussed more in a later section.

Inclusions within the iron dendrites are also omitted
in this figure, under the assumption that such inclusions would
have had little chance to coarsen. These inclusions comprised
a small fraction of the total (less than 10% in the master);
the mean size in all three specimens studied was about 3 microns.
Results on size distribution of these inclusions are given in

Table 4.

Figure 10 shows similar data to Figure 9, except for
all inclusion "members" (in single, as well as multi-membered,
inclusions). This figure, 1ike the previous shows a coarsening
of members and a decrease in number. The shape of the distribu-

tion curve is, however, somewhat different.
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Figure 11 summarizes data from the preceding two
figures; it shows mean apparent diameters versus time and
illustrates in a different way the coarsening taking place.
Figure 12 similarly shows the decrease in number of inclusions,

and inclusion members with coarsening time.

Figure 13 gives members per inclusion before and
after isothermal coarsening at 1400°C. With coarsening, the
number of single membered inclusions decrease and multi-membered
inclusions increase - clear evidence of collisions of some sort

taking place.

Discussion

One obvious result of the isothermal holding
experiments described in the previous section was the increase
in spacing of the secondary dendrite arms with increasing
holding time. Table 2 shows this increase and shows further
that the rate of coarsening at 1400°C (42% solid) is greater
than that at 1275°C (50% solid). This behavior is as predicted

35

by Coughlin, Flemings and Kattamis who showed, on the basis

of a simple model, that the critical time for significant
coarsening to occur, tc’ is given by the following approximate

relation:

3
HCL(l - k)md

o] z oDT

where H = heat of fusion per unit volume
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CL = composition of liquid in equilibrium with solid
= CS/CL

T = temperature (absolute)

m = slope of liquidus at T

d = secondary dendrite arm spacing

D = diffusion coefficient in liquid

o = solid-liquid interfacial energy

Solution of (2) using constants given in Table 5 yields
times of about 9000 seconds (2-1/2 hours) for coarsening at
1400°C. This time is the order of that in which significant
coarsening was observed experimentally. Also in qualitative
agreement with experiment is the fact that coarsening is predicted
to be slower at the lower temperature, 1275°C. The predicted
decrease is large (about a factor of 8) because of the larger
change in slope of the liquidus in going to the lower coarsening
temperature. The experimental decrease in coarsening rate is
somewhat smaller than this, being only about a factor of 3-4

(from the data of Table 2).

Examination of the photomicrographs of Figures 3
through 8, and of the data presented in Table 4 and Figures 9
through 13 shows that there is not only a great difference in
the number of trapped and untrapped inclusions but also a
distinct difference in behavior between inclusions which are
trapped in the iron-rich dendrites and those which are located
in the copper-rich second phase. The Tatter inclusions tend to

increase in size and to decrease in number with increasing
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holding time at 1400°C, while the former remains constant in

number and size. Two inferences may be extracted from these

statistical findings. One is that most trapped inclusions
become so during the initial solidification of the master
ingot (and not released by subsequent coarsening). The other
is that many inclusions Tocated after solidification in the
copper-rich second phase were rejected by the advancing

solid-1iquid interface of the coarsening dendrite arms.

A probable mechanism for this rejection has been
discussed by Uhlmann et a132. They performed experiments on
this problem using non-metallic systems. As discussed in the
Introduction to this report, the most significant result of
their work is that for most of the systems there exists a
critical growth velocity below which inclusions will not be
trapped. This critical velocity is thought to be a function of
such material properties as surface energy, surface smoothness,
particle size, viscosity and diffusion coefficient of the
1iquid. It is of interest that these properties are not
greatly different for the metal-silica system studied herein
than for most of the materials studied by Uhimann et al. We
therefore infer that there exists for the coarsening dendrites
a critical growth velocity of the same order as those in
Table 1, above which inclusions will be trapped and below which

they will be pushed.

Next, it is of interest to estimate the microscopic
growth rate (dendrite arm thickening rate) obtained in this

study. From Figures 3 and 8 we see that dendrite arm thickness
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increases from 16 microns to 54 microns in two hours holding
at 1400°C. Assuming cylindrical arms, this corresponds to a
growth rate of about 3 x 10_7 cm/sec, far smaller than any of
the critical velocities noted in Table 1. Thus, based on
comparison of experimental results alone, it is reasonable
that our inclusions, like those of Uhlmann et al should be

pushed ahead of the advancing liquid-solid interface.

The following formulation for determining critical

growth velocity, derived from theory by Uhlmann et al, has been

found to agree32 within an order of magnitude with experimental
results:
v, = 3 (0 + 1) (Layv, kfRz) (3)

where n = a constant near 5

L = heat of fusion per unit volume

a, = lattice constant = 3 x 1078 ¢m

V, = ag = atomic volume = 27 X 10724 cm®

= diffusion constant in Tiquid

k = Boltzmann's constant

T = temperature (absolute)

R = ‘inclusion radius

A solution of equation (3) for the system under
consideration in this work is shown in Table 6. According to

this solution Ve T 9.7 x 10'4 cm/sec for our system.
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Based on the above, we expect essentially all
inclusions in the Tiquid to be pushed ahead of the growing
dendrite arms during isothermal coarsening. We further expect
most inclusions to be pushed ahead during usual solidification
since the velocity of thickening of dendrite arms in solidifi-
cation of usual castings and ingots is also considerably lower
than the "critical velocity" for pushing cited above. However,
those inclusions that lie directly in front of, or adjacent to,
a rapidly advancing primary arm should be trapped. The small
number of inclusions we observed within the iron dendrites in
our work were nearly all at or close to the spine of a primary

arm.

The location of many inclusions in dendrite
concavities may have two explanations. Since the inclusions
have a strong tendency to float upward in the Tiquid (density
ratio E%igﬂiﬂ.: 3.5), it seems likely that they will come to
rest in gggcave surfaces formed by the dendrites (see Figure
3, vertical section 500X). Alternatively, however, the presence
of the particle may have caused the concavity by slowing diffu-

sion of solvent to the growing liquid-solid interface.

Another of the more prominent phenomena observed by
these experiments was areas of high inclusion density usually
Tocated between dendrite arms on the lTower side of these
dendrites. It appeared that the dendrite had blocked further

floating of these inclusions (Figure 3).
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In the master, there were many inclusions of one or
two members, whereas after holding there were fewer inclusions
but these few contained many members (Figures 3, 4, 5, etc.).
Quantitative data on these observations are presented in
Figures 9 through 13. We suggest these areas of high inclusion

density result in the following ways:

1. Growing dendrites sweep through already existing
inclusions (mostly single membered) trapping a few but pushing
most along. Thus, areas of high inclusion density are created

at the peripheries of growing dendrite arms.

2. Floating inclusions are led by the shape of the

interdendritic network to these same interdendritic regions.

3. Inclusions which come into contact with one
another during growth of the iron dendrites begin to sinter
as discussed below. Since impinging inclusions stick, it seems
likely that the more inclusions a region contains, the more
likely it is that other floating inclusions will become caught

by impinging upon previously caught members.

Figures 3 through 8 show multi-membered inclusions at
various stages of the sintering process. The process of
sintering together, or coalescence, begins as soon as the
inclusions come into mechanical contact. This problem has been
treated by in general by Frenke129 and applied to silica by
Seward, Uhlmann and Turnbu1129. Frenkel's equation for the

minimum time for complete coalescence of two spheres is:
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t, = %} (4)

where: r = particle radius
n = viscosity
o = interfacial energy

A solution of equation (4) for the system being studied is shown
in Table 7. For two silica spheres of 3 microns diameter at
1400°cC, tC equals about 1-1/2 hours. Since tC represents the
time for coalescence with maximum driving force (surface area
per unit volume) which obtains only during the very earliest
stages of coalescence, and since collisions may occur over a
range of time, it is reasonable to expect that complete
coalescence would not be observed (except for very small
inclusions) after just two hours holding time. Thus, it is
concluded that the majority of single-membered inclusions have
been single-membered throughout the experiment. This is usefuyl

in interpreting the data of Figures 9-13.

Figure 12 shows that with increasing holding time the
number of all inclusion members decreases (including single-
membered inclusions). Three possible explanations are evident
for this decrease in number of inclusion members. First is
the possibility that members disappear by floating out or by
dissolving in the melt. However, results of chemical analysis
and of point counting indicate that the volume fraction does

not change with time, thus ruling out this possibility.
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Second, it might be thought that many of the inclusions which
came into contact early sinter completely into a single
inclusion member. This, as discussed above, is unlikely to
account for the total decrease in number of members. The final
and most probable explanation is classical diffusional

coarsening (Ostwald ripening),8’9’25’35s38,39

The mechanism of diffusional coarsening requires that
lTarge inclusions grow (increase their radii) at the expense of
dissolving smaller particles. Driving force is the overall
decrease of surface energy per unit volume inclusion. This
phenomenon has been recently studied for dendritic growth by

35

Flemings et al”", and was investigated for inclusions during

deoxidation (and prior to solidification) by Torsell et a18:2%
They found this mechanism of coarsening was not significant
prior to solidification because of the short time involved.
Application of the classical analysis for diffusional coarsening
(as used also by Torsell and Lindborg8) to the experiments here-
in described produces good agreement with our experimental

results. The equation used is derived from the work of

Greenwood38 and Lifshitz and S1yozov39.
3 3 20VmCOD
r(t) = r(O) + o _TRT(CP"CO )t (5)
where: t = coarsening time
r(t) = radius at time t

a constant

Q
1l
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¢ = surface energy
Vm = molar volume of diffusing element
CO = concentration of diffusing element
C = concentration of diffusing element in the
P particle
D = diffusion coefficient in liquid
R = universal gas constant
T = +temperature (absolute)

The sample calculations as applied to this work are
shown in Table 8 and are plotted together with experimental
results in Figure 14. Since the apparent mean diameter is no
doubt smaller than the actual mean diameter26 actual agreement

is somewhat better than that indicated in Figure 14.

Conclusions

1. Dendrite coarsening occurs in Fe-50% Cu alloy
during isothermal holding; driving force is reduction of
surface area per unit volume. Coarsening is considerably more
rapid at 1400°C than at 1275°C, due primarily the large

difference in liquidus slope at these two temperatures.

2. Silica inclusions are "pushed" ahead of the
dendrite arms that grow during coarsening. Few are trapped by
the progressing liquid-solid interface. The inclusions also
tend to float during coarsening until stopped by iron-rich

dendrites.
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3. Silica inclusions in the alloy gtudied are
composed of single or multiple readily distinguishable
"members". As coarsening progresses, multi-membered inclusions
increase in number while single membered inclusions decréase.
It is therefore concluded that inclusion members are joining
as a result of "collisions". The "collisions" occur as a
result of (a) sweeping action of the coarsening dendrites,

(b) differential rates of floating of inclusions of different
sizes, and (c) "channeling" of floating incluions by the

dendritic network.

4. Total number of inclusions and of inclusion members
decreases during isothermal holding. Sizes of individual
inclusion members and inclusions increases. It is concluded
that "diffusional coarsening" (Ostwald ripening) of inclusions

is taking place at measurable rate.

5. Inclusions which "collide" to form a multi-membered
inclusion, gradually coalesce by sintering, but in the experi-

ments conducted, sinterinag does not go to completion.

6. Simple calculations are presented for estimating
extent of dendrite coarsening, inclusion "pushing", inclusion
sintering, and diffusional coarsening. Results are in qualita-

tive agreement with experiment.

7. It is probable that above conclusions on pushing,
joining, coalescing, and diffusional coarsening of inclusions

apply as well to solidification of usual castings and ingots.
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TABLE 1

35.

Critical Velocities for Particle-Organic Matrix
Systems in Order of Increasing Critical Velocity

orthoterpheny]l salol thymol
particle (u/sec) particle Ve (u/sec) particle Ve (n/sec)
Agl not pushed Agl not pushed Fe202 2
Graphite 0.3 Graphite not pushed Sn 4
MgO0 0.5 Silt 0.7 Agl 6
Silt 0.7 Si 0.8 Zn 6
Si 0.8 Sn 1 MgO0 8
Sn 1 Diamond, 2 Ni 8
0-2
Diamond, 1.3 Diamond, 2.1 Diamond, 9
0-2 3-5 3-5
Diamond, 1.4 Ni 2.3 Si 10
3-5
Ni 2 Fe203 2.5 Graphite 12
Fe203 2.5 MgO 3 Silt 16
Zn 2.5 Zn 7



Dendrite Arm Spacing of Master Allo
Coarsened Specimens

sample
Master
1275°C - 1/2 hour
1275°C - 2 hours

1275°C - 4 hours
1400°C - 1/2 hour

1400°¢C 2 hours

TABLE 2

dendrite arm
spacings,

vert. sect.
(microns)

18
29
33
64
38
88

Note: Solidification time of the
approximately 7 minutes.

dendrite arm
spacings,

horiz. sect.
(microns)

18
31
34
55
41
75

master alloy was

36.

y and Isothermally

average

13
30
34
60
40
81



37.

TABLE 3

Chemical Analysis

Cu Si Si0

2

sample (wt.%) (wt.%) (wt.%)
Master 50.6 .017 .027
1275°C - 1/2 hour - .016 .030
1275°C - 4 hours - .023 .033
1400°C - 1/2 hour 50.1 .015 .029
1400°C - 2 hours 51.5 .021 .028
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TABLE 4

Mean Apparent Diameter of Inclusions
Trapped in Iron Dendrites

number trapped mean dia.

specimen inclusions (microns)
Master 102 3.0
1/2 hour - 1400°¢C 118 2.8

2 hours - 1400°¢C 102 3.0
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TABLE 5

Calculation of Critical Time for Dendrite Coarsening

: HC (1 - Kk)md>
t. = (=)
c o DT
at 1400°C at 1275°C
o = 4.7 x 10'6 ca]/cm2 o = 4.7 x 106
H = =507 cal/cc H = =507
Kk = .103 k = .087
m = =3.70 °K/% Cu m = =23
d = 30 x 10 % cm d = 30 x 1074
T = 1673°K T = 1548°K
D = 5 x 1072 cm?/sec D = 5 x 10°
c, = 78% L= 92
t_(1400) = 9.03 x 10
t_(1275) = 7.23 x 10
t (1275) 72.3 x 10

th1400§ 9.03 X 103
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TABLE 6

Critical Velocity for Trapping of Inclusions

Ve = 1/2(n + 1)(La,V D/KTR?)
4.5 x 102 ca]/cm3 D = 10'5 cm/sec2
5 k = 33 x 10°2% ca1/°K
27 x 1078 cm® T = 1700°K
3 x 1078 ¢m R = 1.5 x 10°% ¢m
9.7 x 107% = minimum growth rate at which 3p inclusions
cm/sec will be trapped by the growing iron

dendrites.
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TABLE 7

Minimum Time for Complete Coalescence of Two Spheres

= I'm
te = %
tc = time
r = vradius = 1.5 microns
n = viscosity 3 x 1010 poise (ref. 40)
o = interfacial energy = 1000 ergs/cm2
(ref. 22)
-4 10
t _ 1.5 x 10" "(3 x 10 ") _ 1.5 x 103 sec.
o 3
10
t = 4500 sec.
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TABLE 8

Diffusional Coarsening Calculation

Assume SiO2 spheres of initial mean diameter of 2.8
microns. Calculate diameter d, after holding in liquid at

1400°C for 1/2 and 2 hours.

3 3
= + ak . 5,35,39
Y‘(t) Y‘(O) akt (Y‘ef 3 )
o = %, a geometric constant
. - 20VmCOD
RT(C -C,
where r = radius
o = surface energy = 1000 dynes/cm2
Vo, = molar volume of diffusing 0 = 13 cc/mol
C, = concentration of 0 = 100 ppm = 7 x 10"
g/cc
Cp = concentration of 0 in S1'O2 = 1.2 g/cc
D = diffusivity of 0 = 5 x 10°° em?/sec
R = wuniversal gas constant = 8.31 x 107

dynes/cmZmole

T = 1673°K

4
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Table 8 (cont'd)

P = 2.74 x 10712 4+ 5,67 x 107 2(¢)
3 ) 12
r(]/z) 7.2 x 10
r 1.93 x 1074 cm
(1/72)
d(]/2) = 3.86 microns

Similarly, d(2) = 5.5 microns



Temperature , °C
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Figure 1. Iron~-copper phase diagram

(ASM Metals Handbook 1948 ed.)
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Figure 2. Fraction solid vs. temperature for Fe-50%Cu



vertical section

Figure 3.

horizontal section

55X

500X

Fe-507% Cu master (as cast)




vertical section . .
horizontal section

55X

500X

Figure 4. After isothermal holding % hour at 1275°C



vertical section horizontal section

55X

500X

Figure 5. After isothermal holding 2 hours at 1275°C




vertical section

Figure 6.

horizontal section

55X

500X

After isothermal holding 4 hours at 1275°¢C




vertical

Figure 7.

section horizontal section

55X

500X

After isothermal holding % hour at 1400°C



tical section horizontal section
ver

55X

500X

Figure 8. After isothermal holding 2 hours at 1400°C
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Chapter 3: LEVITATION MELTING AND CASTING

Introduction

Extensive work has been done during the last year
modifying and extending the capabilities of an existing
levitation melting unit. This work has been primarily to
(1) improve the vacuum system and purity of cooling gases
employed, (2) incorporate ability to make chill plate castings
and to liquid quench the molten droplets, and (3) permit making
up to five separate runs without breaking vacuum. This work is
now complete and capabilities of the apparatus include the

following:

1. Ferrous metals or alloys can be levitation melted
in amounts up to about 3 grams in vacuum or controlled atmo- i

sphere. A wide variety of other metals can also be so melted.

2. Samples can be held molten or partially molten
for Tong periods (e.g., in excess of 1/2 hour). Larger super-
heats can be obtained (in excess of 600°C). Large undercoolings

can be achieved (as much as 300°C under the melting point).

3. Alloying can be accomplished by simultaneously
melting two or more charge materials (while levitated) or by
reaction of the charge with a controlled atmosphere.

Alternately, the charge can be pre-alloyed.
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4. Up to five separate melting and casting runs can

be made without opening the apparatus to the atmosphere.

5. The metal charge can be solidified by (a) slow
controlled cooling in the levitation coil, (b) liquid
quenching, (c) casting in thin section ingot molds, and

(d) "splat cooling".

6. Interrupted solidification experimentals can be
conducted by, for example, partially solidifying the sample
(slowly) in the coil and then rapidly solidifying the

remainder by liquid quenching or splat cooling.

The basic levitation melter employed has been previously

described]; it is based work of Comenetz and other52'6.

The
"hammer and anvil" splat cooling device has also been

previously described]° The propulsion of the hammer is electro-
magnetic. A large current is released for a short time through
a "pancake" coil adjacent to a driving disc. The driving disc
is then repulsed from the coil with a force that may be

calculated from magnetodynamic princip]es.7'8.

In the splatter
used in the current work, the force achievable is 2200 to 6600
pounds; resulting platen velocity is 1000 to 3000 cm/sec. (33

to 100 ft/sec.)*. Remaining portions of the apparatus have

* In an auxiliary hammer and anvil device not currently
being used, forces have been obtained up to 12,000 pounds
with resulting velocities up to 9000 cm/sec. (296 ft/sec.).
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been constructed in the course of this research and are

described in the following sections.

Work during the current contract year has been primarily
on modification and improvement of the apparatus, as described
above, and this report will deal almost exclusively with that
work. In addition, the following experimental program is in
progress; some preliminary results are given in a later section

of this report.

1. A comprehensive study is underway on effect of
undercooling, superheating, and especially on effect of cooling
rate on inclusion formation and growth. Current work is
primarily on the Fe-Si-0 system; this system has the advantages
that the phase diagram is simple and well known. Preliminary
results indicate that formation of silica inclusions is

completely suppressed at sufficiently rapid cooling rate,.

2. Structure and mechanical properties of undercooled
and/or rapidly solidified AISI 4330 are being studied.
Procedures have been developed to permit obtaining test bars
from the plates, and hopefully, from the splats. Study is
planned of relation of properties to structure, with emphasis

on inclusions and macrosegregation.

3. MWork is continuing on general relations of
structure to undercooling and cooling rate. For example, the
equipment readily permits correlation of dendrite arm spacing

with cooling rate (since variation in cooling rate of over
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6 orders of magnitude is feasible). Extensive data have been

obtained in this way for Fe-26% Ni, AISI 4340, and Fe-50% Cu.

Apparatus - General

Figure 1 is an overall sketch of the levitation
melting and quenching apparatus, and Figure 2 (top) a photo-
graph of the apparatus, including power supply. Descriptions
are given below of the melting, temperature measuring, atmo-
sphere controlling, gas quenching, 1iquid quenching, chill
casting, and splat quenching systems. Figures 3 to 7 show

details of some of these systems.

Levitation System

The levitation melter constructed for this work was
designed to be operated with a 10 KW, 400 K.C. Lepel High
Frequency Generator. This power source is capable of an output
of approximately 300 amperes into a suitable impedance load,
but is limited to less than this into the relatively low
inductance levitation coil. Figure 3 shows a levitation coil
of the type presently in use; it is made from 1/8 inch diameter,

thin wall copper tubing.

The most practical technique for temperature control
during levitation involves flowing a stream of cooling gas over
the levitated charge. This is readily done by winding a levi-

tation coil, such as the one on the left in Figure 3, around a
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Vycor tube of large enough diameter to contain the specimen,

and then flowing cooling gas vertically up the tube.

To obtain good "matching" to the generator and to
increase the circulating current in the coil, a capacitor
bank (Lepel CT-25-4) was inserted into the output circuit in
parallel with the levitation coil. The coil and the capacitor
bank form a resonant circuit, having a large circulating
current, measured to be over 650 amperes at full power.
Physically, the capacitor is located close to the levitation
coil and they are connected using co-axial power leads to
minimize power losses. A schematic diagram of the external

electrical circuit is given in Figure 4.

The enclosure containing charges and ingot molds is
shown schematically in Figure 1. Up to five charges are
placed in each charge container prior to evacuating the system.
The charge container is of boron nitride to prevent its being
heated when raised into the levitation coil. Charging is
accomplished by first rotating the turntable into position so
one of the five charges is directly beneath the vertical glass
tube. Next, the charge and charge container are raised up
into the levitation coil by pushing on a vertical pushrod which
extends out the bottom of the box. This pushrod also serves as
a "charge exit port" for splatting and is so named in the
sketch. An "0" ring seal between the pushrod and enclosure
allows the lateral motion while maintaining vacuum or slight

positive pressure in the enclosure.
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The turntable also contains up to five ingot molds.
To cast one of these, it is simply rotated under the coil
while the droplet is levitated. The power is turned off and
metal dropped into the plate. To "splat" a sample, one of the
locations for an ingot mold is left vacant, and this location
placed under the levitated drop. When the levitation power is
turned off, the droplet passes through the hole, down the
hollow "pushrod-charge exit port", and through a plastic sheet
sealed at the base of the exit port. This sheet plastic seal
covers a 5/8" hole; vacuum or positive pressure is again
maintained by an "0" ring seal. The seal is "Saran Wrap"
(polyvinylidene chloride copolymerized with polyvinyl chloride);
it is sufficiently strong to resist atmospheric pressure while
the enclosure is fully evacuated, but rapidly melts as the

falling hot drop approaches it.

The temperature of the levitated droplet is monitored
using a Milletron Two-Color Pyrometer, Model TSA. Its
accuracy varies with the material whose temperature is being
measured, but has been found in this work (and with this system)
to be accurate on absolute measurements on liquid iron and
steel to within + 20°C and to within + 10°C relative to the
measured melting point. Output is read on a meter in the
control unit, and may be recorded on an external chart
recorder. A schematic diagram of the temperature measuring
system is shown in Figure 5. Sighting of the optical pyrometer

is done from the top of the levitation coil through a right
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angle prism and a flat glass disc glued to the top of the
glass tube surrounding the specimen. The disc is well above
the Tevitation coil (8") to prevent deposition on it of vapors

from the levitated charge.

Controlled Atmosphere and Gas Cooling System

A schematic diagram of the controlled atmosphere and
gas cooling system is shown in Figure 6. Evacuation of the
system is accomplished by means of mechanical and diffusion
pumps, acting through a 1-3/8" hole in the bottom of the
enclosure containing the charges and ingot molds. A thermo-
couple vacuum gauge is permanently mounted on the enclosure,
and a vacuum ion gauge may be attached to one of the two

standard vacuum fittings.

The desired gas atmosphere (or combination of gases)
is admitted through copper tubing to flow rate control and
solenoid-operated check valves. Ability to admit a large
and variable flow rate (up to 250 cubic feet per hour), to
the system permits temperature control of the levitated
charge. The cooling gas passes up the 5/8" I.D. Vycor tube
surrounding the levitated specimen and exits through a
vacuum released valve. This valve acts as a vacuum seal when
the system is evacuated. A17 connections in the gas flow

system are 3/8" copper tubing to prevent gas contamination.
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Quenching Mechanisms

The various ways summarized below of solidifying the
samples permit obtaining cooling rates of the orders of:
1 - 10°C/sec. for gas quenching; 30 - 200°C/sec. for liquid

3

quenching, to 105 - 10%°C/sec. for chill casting, to

5

107 - 106°C/sec. for splat cooling.

With sufficiently high flow rates of hydrogen or
helium it is possible to solidify a molten levitated charge.
At the relatively slow rates of cooling normally involved, the
cooling rate may be measured from the chart recorder of the
optical pyrometer. This cooling rate simulates those
observed in relatively large castings. As noted previously,
quenching into Tiquid is achieved by placing a liquid quench
tank under the charge exit port in place of the splat cooler,

and dropping the charge through the plastic seal.

To achieve still higher cooling rates, copper molds
with plate-shaped mold cavities of varying thickness are
inserted in the turntable in the enclosure in Figure 1. These
copper molds are one inch diameter split cylinders with a
wedge or conical shaped riser section above the plate cavity
and 1/64" vent holes below the plate cavity to aid in mold
filling. Plate thicknesses are .03", .05", and .08". For
best mold filling, molds are polished each time and minimum

superheat of 100°C employed.
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An important feature of the arrangement for
"splatting"” shown in Figure 1 is that the rather deTicate
Tevitation melting device and its attachments are physically
separate from the necessarily violent clapper (clapping

velocities are up to 200 miles per hour).

The drive mechanism for the "hammer and anvil® type
splat cooler shown in Figure 7 consists of a driving coil
and capacitor energy storage bank, a power supply to charge
the capacitor bank, droplet sensing equipment, and spark gap
switch with associated trigger circuitry. The capacitor bank
and assocjated power supply are manufactured by EG & G
International, Inc. The capacitor bank consists of two separate
but equivalent units, Models 524 and 233, each containing
capacitors totalling 320 microfarads and having a storage
capacity of 2500 joules at 4.0 KV. These two units are
connected in parallel, and to the power supply, Model 522,
which has a 0 - 4.0 KV adjustable voltage output. The power
supply unit also contains Circuitry to provide a voltage pulse
output to trigger the spark gap, upon an external contact

closure.

The droplet sensor is a Knight photoelectronic relay
(kit). A CdSe photocell is located close to the clapper
platens, in the line of sight of fall of the molten droplet.
When activated by a falling droplet, a relay contact is closed,
and through connection with the power supply trigger circuit,

provides a voltage pulse to trigger the spark gap. The spark
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gap unit consists of an EG & G experimental "rail-type" spark
gap and an EG & G trigger transformer. The pulse from the
power supply is transformed to a much higher voltage, which
ionizes the spark gap and causes electrical breakdown,
rendering the spark gap conducting, and discharging the

capacitor bank into the driving coil.

Upon sensing a falling droplet, the spark gap is
triggered and the energy stored in the capacitor bank is
released into the driving coil. The large current pulse
through the driving coil, associated with the capacitor
discharge, creates an intense magnetic field around the coil
which in turn induces eddy currents in the aluminum driving
disc. The eddy currents cause another magnetic field out of
phase with the first. Thus, the driving plate is repelled
from the coil at high speed. The capacitor discharge primary
pulse Tlasts approximately 0.1 - 0.2 milliseconds; the moving

elements are accelerated to maximum speed during this time.

Operation of the splat cooler and associated equipment
is briefly as follows. The clapper platens are cleaned and the
moving platen assembly is set in the open position with driving
plate against the driving coil. The droplet sensing photocell
is inserted into position in the side of the protective cover
and the cover is placed over the clapper. After the induction
power is turned on and the specimen levitated, the clapper
power supply is energized to charge the capacitor bank to the

desired voltage. Specimen temperature is manipulated by
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changing gases or gas flow rate. When proper conditions have
been attained, the induction power is switched off. The
specimen falls and is sensed by the photocell which triggers

the capacitor discharge. The moving platen smashes the falling
specimen against the back platen to form a splat. Total elapsed
time between sensing the specimen by the photocell and splatting

is about five milliseconds.

Structures

Some preliminary results are summarized herein to
demonstrate the range of structures obtainable using the
apparatus described above. Structures are presented for two
commercial steels (440C and 4330) and for a specially prepared
Fe-Si-0 alloy. Commercial 440C and 4330 alloys were solidified
using the gas quenching, liquid quenching, chill casting and
splat cooling techniques. Helium was used to solidify the
molten charge during Tevitation. Liquid quenching was
accomplished by dropping the charge from the levitation coil
through the charge exit port into an oil bath. Small plates
of 0.05" thickness were chil] cast in the copper molds in the
enclosure. Splat cooled castings of 100 microns thickness

were made using a platen velocity of 1000 cm/sec.

The different structures obtained in these two alloys
are shown in Figures 8 and 9: dendrite arm spacing varies from
about 50 microns in the slowest solidified samples to less than

1 micron in the splats.
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The iron-silicon-oxygen alloy was prepared in the
vacuum induction furnace by adding 0.05 weight per cent silicon
to Ferrovac "E" iron and equilibrating with a silica crucible
for 20 minutes at 1550°C. Two gram pieces of this master alloy
were then remelted in the levitation furnace. After holding
the iron-silicon-oxygen alloy at 1600°C for 30 seconds to insure
dissolution of the silica inclusions, four specimens were cast
as were the commercial alloys (i.e., by gas quenching, oil

quenching, plate casting and splat cooling).

Structures of the starting alloy and two of the
castings are shown in Figure 10. The slowly solidified starting
alloy had numerous large inclusions, the gas cooled casting
somewhat finer inclusions, and the 0il quenched specimen still
finer inclusions. Inclusions in the plate castings were very
much finer than those in the o0il quenched specimen. No inclu-
sions at all have yet been found in the splatted specimen.

Electron microscopic study of similar specimens is now underway.

Summary

A levitation melting, undercooling, and splat cooling
device has been modified to permit greater flexibility of
operation and to incorporate ability to make chill plate
castings (for study of mechanical properties as well as for
structure). Dendrite arm spacing of commercial steel alloy

castings made in this apparatus varies from about 50 microns
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for gas cooled specimens to less than 1 micron for splat
cooled specimens. In work on Fe-Si-0 alloy, no optically

visible inclusions have been found in splat cooled samples.
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Figure 1. Sketch of levitation melting and casting apparatus.
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Figure 3. Photograph of levitation coils. Left: Coil for use
with glass tube. Right: Conventional conical coil.
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Figure 7. Photograph of "hammer and anvil".



(b)

(c) (d)

Figure 8. Variation of microstructure with cooling rate for 440C alloy.

a) gas quench, b) liquid quench, c) chill cast, d) splat cooled.
(500X, Murakami's etch).



(a) (b)

(e) (d)

Figure 9. Variation of microstructure with cooling rate for 4330 alloy.
a) gas quench, b) liquid quench, c) chill cast, d) splat cooled.
(500X, Rosenhain's etch).




Figure 10. Variation of size and distribution of SiO, inclusions in an Fe-Si-0 alloy.
TOP: Master alloy slowly solidified in vacuum induction furnace.
MIDDLE: Solidified in levitation coil with helium flow.
BOTTOM: O0il quenched.
(1000X%).
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